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Synthesis of protein kinase Cδ C1b
domain by native chemical ligation
methodology and characterization of its
folding and ligand binding‡
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The C1b domain of protein kinase Cδ (PKCδ), a potent receptor for ligands such as diacylglycerol and phorbol esters, was
synthesized by utilizing native chemical ligation. With this synthetic strategy, the domain was efficiently constructed and shown
to have high affinity ligand binding and correct folding. The C1b domain has been utilized for the development of novel ligands
for the control of phosphorylation by PKC family members. This strategy will pave the way for the efficient construction of C1b
domains modified with fluorescent dyes, biotin, etc. Copyright c© 2009 European Peptide Society and John Wiley & Sons, Ltd.
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Introduction

Protein kinase C (PKC) isoforms are serine/threonine protein
kinases which play a pivotal role in physiological responses to
growth factors, oxidative stress, and tumor promoters. These
responses regulate numerous cellular processes [1,2], including
proliferation [3], differentiation [4], migration [5], and apoptosis
[6,7]. Under physiological conditions, signal transduction through
PKC is triggered by the interaction between diacylglycerol (DAG),
a lipid second messenger, and the C1 domains of PKC. The C1
domain is well conserved within the PKC superfamily, forming
a zinc finger structure into which the DAG or phorbol ester
inserts. Ten PKC isoforms have been described, among which
PKCδ, a member of the novel PKC subfamily, is DAG/phorbol ester-
dependent but calcium-insensitive. Development of ligands with
high specificity for PKC isozymes has been a critical issue [8–10].
Considerable attention has been directed at the development
of inhibitors of PKC isoforms; however, for PKCδ, activators have
a therapeutic rationale. For example, PKCδ is growth-inhibitory
in NIH3T3 cells, whereas PKCα and PKCε are growth-stimulatory
[10]. Thus, complementary therapeutic strategies are to inhibit a
specific PKC isoform or to stimulate an antagonistic isoform. For
this latter approach, activators selective for different isoforms are
needed.

For the development of isozyme-specific ligands, the C1b
domain provides a robust platform for binding analyses. Although
bacterial expression of cloned C1b domain affords ample material,
preparation of the C1b domain by synthetic methods would greatly
enhance its ability to be manipulated, such as by labeling with
fluorescent dyes or biotin. However, synthesis of the C1b domain
by standard SPPS is problematic on account of its size (∼50 amino
acids), although its synthesis by a stepwise condensation method
has proven possible [11]. In this study, we applied native chemical

ligation (NCL) methodology [12,13] to an efficient synthesis of the
PKCδ C1b (δC1b) domain (Scheme 1).

Materials and Methods

Preparation of amino acid-loaded 2-chlorotrityl resin

2-Chlorotrityl chloride resin (100–200 mesh polystyrene, 1% DVB,
1.4 meq/g, 1.4 mmol) (Novabiochem) was treated with Fmoc-
His(Trt)-OH (0.63 mmol) and N,N-diisopropylethylamine (DIPEA)
(2.25 mmol) in dry DCM (10 ml) for 1 h. The resin was dried in
vacuo after washing with dry DCM. The loading was determined
by measuring UV absorption at 301 nm of the piperidine-treated
Fmoc-His(Trt)-(2-Cl)Trt-resin (0.32 meq/g). Unreacted chloride was
capped by treatment with MeOH (1 ml), DCM (10 ml), and DIPEA
(574 µl, 3.3 mmol) for 15 min.

Synthesis of peptide thioester δC1b(231–246)

The peptide chain was manually constructed using Fmoc-based
solid-phase synthesis on Fmoc-His(Trt)-(2-Cl)Trt-resin with capping
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Scheme 1. Process of NCL methodology and the sequence of synthesized δ C1b domain. The amino acid residues involved in chelation of zinc ions are
grouped by lines.

(0.05 mmol scale). Fmoc-protected amino acid derivatives (5 equiv)
were successively condensed using 1,3-diisopropylcarbodiimide
(DIPCI) (5 equiv) in the presence of HOBt·H2O (5 equiv) in DMF (2 ml)
(90 min treatment). The following side-chain protecting groups
were used: Boc for Lys, Pbf for Arg, OBut for Asp, Trt for Asn, Cys,
and His, But for Ser, Thr, and Tyr. The Fmoc group was deprotected
with 20% piperidine in DMF (2 ml) for 15 min. After the final
Fmoc deprotection, the peptide was acetylated in the mixture of
Ac2O–DMF–pyridine (1 : 4 : 1, v/v, 3 ml). The yield of the resulting
protected peptide resin was 335 mg. The resulting protected
δC1b(231–246) was cleaved from the resin with TFE–AcOH–DCM
(1 : 1 : 3, v/v, 15 ml) (2 h treatment), and thioesterified with
ethyl mercaptopropionate (20 equiv), HOBt·H2O (10 equiv),
and 1-(3-dimethylaminopropyl)-3-ethylcarboiimide (EDCI)·HCl (10
equiv) in DMF (1 ml) (0 ◦C, 2 h). Subsequently, the peptide was
deprotected with TFA–thioanisole–m-cresol–triisopropylsilane
(TIS) (89 : 7.5 : 2.5 : 1, v/v, 5 ml) (90 min treatment). After cleavage
and deprotection, the crude product was precipitated and washed
three times with cold diethyl ether, then purified by RP-HPLC
(column: COSMOSIL 5C18 AR-II, 10 × 250 mm).

Synthesis of peptide fragment δC1b(247–281)

The peptide chain was manually constructed using Fmoc-based
solid-phase synthesis on NovaSyn TGR-resin (0.26 meq/g, 0.1 mmol
scale). Fmoc-protected amino acid derivatives (5 equiv) were
successively condensed using DIPCI (5 equiv) in the presence
of HOBt·H2O (5 equiv) in DMF (4 ml) (90 min treatment). The
side-chain protecting groups were used as for the synthesis of
δC1b(231–246). Additionally, Trt and OBut were used for Gln and
Glu, respectively. The yield of the resulting protected peptide
resin was 920 mg. Protected δC1b(247–281) was cleavaged and
deprotected with TFA–thioanisole–m-cresol–TIS (89 : 7.5 : 2.5 : 1,
v/v, 10 ml) (90 min treatment). The purification procedure was the
same as in the synthesis of δC1b(231–246).

Native chemical ligation

The thioester peptide (δC1b(231–246): 2.9 mg, 1.3 µmol), the N-
terminal Cys peptide (δC1b(247–281): 4.9 mg, 1.3 µmol), and tris(2-
carboxyethyl)phosphine hydrochloride (3 mg, 13 µmol) were
dissolved in 1.5 ml of 6 M guanidine hydrochloride, 2 mM EDTA,
and 0.1 M sodium phosphate at pH 8.5. The addition of 4%
thiophenol promoted the conversion of the less reactive 2-
mercaptopropionate thioester to the more reactive phenyl-α-
thioester and started the ligation reaction [13,14]. After incubation

at 37 ◦C under N2 atmosphere, the reaction mixture was analyzed
by analytical RP-HPLC (column: COSMOSIL 5C18 AR-II, 4.6×250 mm,
a linear gradient of 25–45% acetonitrile, 30 min). The eluent was
monitored at 220 nm and characterized by ESI-MS. The product
was gel filtrated with Sephadex G-10 and purified by RP-HPLC
under the same condition as for peptide fragments.

ESI-MS sample preparation of the folded domain with zinc ion

The synthetic δC1b domain in ultra pure water was treated with 3
molar equivalents of ZnCl2. After incubation at 4 ◦C for 10 min, the
solution was neutralized with 10 mM of pyridinium acetate buffer
(pH 6.8). The peptide concentration was adjusted to 50 µM.

Expression and purification of recombinant δC1b domain

The recombinant δC1b domain was expressed as a GST fusion
domain. The protein was purified by GSTrap (GE Healthcare)
following the manufacturer instruction, then the GST domain was
cleaved by treatment with thrombin at 4 ◦C for 12 h. The δC1b
domain was further purified by size-exclusion chromatography.
The purity of the domain was confirmed as >90% by SDS-PAGE
[17].

CD spectroscopy

UV CD spectra were recorded on a Jasco J-720 spectropolarimeter
at 25 ◦C. The measurements were performed using a 0.1 cm path
length cuvette at a 0.1 nm spectral resolution. Each spectrum
represents the average of ten scans, and the scan rate was
50 nm/min. The initial measurement solution contained 50 µM

peptide, 50 mM Tris·HCl (pH 7.5), and 1 mM DTT. ZnCl2 was added
to the mixture at 100 µM. To measure the unfolded state of
synthetic δC1b domain, EDTA was added to the folded peptide
mixture at 100 µM.

[3H]-phorbol 12, 13-dibutylate binding

[3H]-phorbol 12, 13-dibutyrate (PDBu) binding to PKC was
measured by the polyethylene glycol precipitation assay as
described in Refs. 15,16 with minor modification. To determine
the dissociation constant (Kd) for the synthetic δC1b, saturation
curves with increasing concentrations of the [3H]PDBu were
obtained in triplicate. The 250 µl of assay mixture contained
50 mM Tris·HCl (pH 7.4), 1 mM ethyleneglycol-bis(β-aminoethyl)-
N,N,N′ ,N′-tetraacetic acid (EGTA), 0.1 mg/ml phosphatidylserine,
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2 mg/ml bovine immunoglobulin G, variable concentrations of
[3H]PDBu and nonspecific line containing the excessive amount
of nonradioactive PDBu against [3H]PDBu. After the addition of
peptides stored in 0.015% Triton X-100, binding was carried out
at 18 ◦C for 10 min. Samples were incubated on ice for 10 min. To
precipitate peptides, 200 µl of 35% polyethylene glycol in 50 mM

Tris·HCl (pH 7.4) was added, then vortexed, and the samples were
further incubated on ice for 10 min. The tubes were centrifuged at
4 ◦C (12,200 rpm, 15 min), then 100 µl aliquot of each supernatant
was transferred to scintillation vials for the determination of
free [3H]PDBu. Remaining supernatant was aspirated off, and the
bottom of centrifuge tube was cut off just above the pellet and
transferred to a scintillation vial for the determination of total
bound [3H]PDBu.

Results and Discussion

In the synthesis of the δC1b domain, the N-terminal
(δC1b(231–246)) and C-terminal (δC1b(247–281)) peptide
fragments were synthesized separately. In this case, an unpro-
tected peptide δC1b(231–246) α-carboxythioester was reacted
with another peptide containing an N-terminal cysteine residue,
δC1b(247–281) [17]. The δC1b(231–246) and δC1b(247–281)
fragment peptides were synthesized by Fmoc-based SPPS on
a 2-chlorotrityl resin and on a Rink amide resin (NovaSyn TGR),
respectively, as described in Materials and Methods Section. The
fragment peptides were purified by RP HPLC and characterized
by electrospray ionization time-of-flight mass spectrometry
(ESI-TOFMS) using a DALTONICS (BRUKER): δC1b(231–246)
α-carboxythioester m/z [M+H+] calcd: 2203.5, observed: 2203.8;
δC1b(247–281) m/z [M+H+] calcd: 3829.6, observed: 3829.3.
The purification by HPLC (column: COSMOSIL 5C18 AR-II,
20 × 250 mm, a linear gradient of 25–30% acetonitrile in water
for δC1b(231–246) α-carboxythioester and a 29% acetonitrile
isocratic elution for δC1b(247–281), 30 min) gave pure fragment
peptides δC1b(231–246) α-carboxythioester and δC1b(247–281)
in overall yields of 35% and 8%, respectively. The purified peptides
were lyophilized and dissolved in buffer before the ligation
reaction. Charts (A–C) in Figure 1 show the progress of the
ligation reaction at 0, 6.5 and 18 h incubation, respectively. The
labeled peak c shows thiophenol. The other peaks were identified
by ESI-MS; a, δC1b(231–246) (2-mercaptopropionate thioester);
b, δC1b(247–281); d, δC1b(231–281) m/z [M+H+] calcd: 5898.8,
observed: 5899.0. Purification by RP HPLC (column: COSMOSIL
5C18 AR-II, 10 × 250 mm, a linear gradient of 30–45% acetonitrile,
30 min) gave pure δC1b(231–281) in 45% overall yield. Although
the δC1b domain contains six cysteine residues, the synthesis

of this peptide was efficiently achieved using the ligation
technique. Formerly, Futaki et al. [18] performed the synthesis of
a Cys2His2-type zinc finger peptide by applying the NCL method.
They showed that this method could apply to the synthesis
of more than 90 amino acid peptide and that the synthetic
peptide shows correct domain folding and zinc ion chelating as a
recombinant protein. In their synthesis, the ligation junction was
between methionine and cysteine at the linker residues of the zinc
finger peptide. For the δC1b domain, we first attempted ligation
at Phe243 and Cys244 junction because of slight possibility of
epimerization in thioesterification. After confirmation of low
reactivity at this junction, His246 and Cys247 junction was
adopted as NCL junction. His–Cys junction has been indicated
as very fast kinetics (less than 4 h to complete ligation, when
compared to Phe–Cys junction which showed approximately 20%
reaction after 48 h) residues for NCL reaction. [19]. However, the
thioesterification at the C-terminal histidine residue could cause
epimerization. To avoid epimerization, the reaction was performed
under acidic conditions and low temperature (∼0 ◦C) [17]. After
NCL reaction, the epimerization of δC1b domain was investigated
by isocratic HPLC. To identify the isomer of δC1b domain, D-His
incorporated fragment of δC1b(231–246) was synthesized and
utilized for NCL. The retention time of D-His δC1b(231–281) was
compared with those of L-His domains ligated under −20 and
0 ◦C. The eluent peaks were identified by ESI-MS. The results
indicate that the synthetic δC1b(231–281) contains undetectable
level of the isomer form (see Figure S1, Supporting Information).

Folding properties of the peptide were assessed by CD spec-
tra [11]. X-ray crystallography analysis of the δC1b domain has
revealed that the domain is a cysteine-rich zinc finger structure
with two zinc ions as cofactors [20]. Upon the addition of 2 molar
equivalents of zinc ion to the peptide solution, a red-shift at the
absorption minimum of the spectrum was observed (Figure 2). The
spectrum for the folded δC1b domain was similar to that of the
native δC1b domain obtained as a recombinant protein domain.
The recombinant δC1b domain was expressed in Escherichia coli
and purified by GST-affinity chromatography. On the basis of the
result that the recombinant domain showed equal ligand bind-
ing affinity and folding property as previously described [11], the
spectrum was referred as correctly folded state of the domain. To
further assess the state of folding of the synthetic δC1b domain,
a molar equivalent of EDTA to zinc ion was added. The minimum
absorption showed a blue-shift, indicating that the zinc ion plays
an important role in the folding of the domain. Furthermore, the
molecular weight of the folded domain with zinc ions was char-
acterized by ESI-MS [11]. The charge states of 4+ and 5+ (m/z:
1506.6 and 1205.5, respectively) were observed and their recon-
structed mass (6023.4) was consistent with the calculated mass of

(A) (B) (C)

Figure 1. HPLC charts of the NCL reaction solution. Charts (A)–(C) show the reaction progress at 0, 6.5, and 18 h incubation, respectively, after
the thiophenol addition. Numbers under each chart indicate the elution time (minutes). Peaks (a)–(d) show as follows: a, δC1b(231–246) (2-
mercaptopropionate thioester); b, δC1b(247–281); c, thiophenol; d, δC1b(231–281).
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Figure 2. CD spectra of the synthetic δC1b peptide in the presence or absence of metals and comparison with that of a recombinant δC1b domain.
The buffer contains 50 mM Tris·HCl (pH 7.5) and 1 mM DTT. Spectra shown are as follows: orange dots, peptide (50 µM) only; blue dots, peptide (50 µM)
+ 100 µM ZnCl2; yellow dots, peptide (50 µM) + 100 µM ZnCl2 + 100 µM EDTA; light blue dots, the recombinant δC1b domain.

Figure 3. Representative saturation curves with increasing concentrations
of [3H]PDBu. [3H]PDBu scatchard plots for the synthetic δC1b domain
are shown in the panel. Binding was measured using the polyethylene
glycol precipitation assay. Each point represents the mean of triplicate
determinations, generally with a standard error of 2%. Similar results were
obtained in two additional experiments.

δC1b(231–281) + 2Zn − 4H (6022.6) [21]. The ligand binding of the
synthetic δC1b domain was assessed by binding assays utilizing
[3H]PDBu. The Kd for PDBu was determined to be 0.34 ± 0.08 nM
(mean ± SEM, n = 3 experiments) (Figure 3). This value shows
that the synthetic δC1b domain is comparable to the recombinant
protein domain (Kd = 0.8±0.1 nM) in ligand binding analyses [22].

Conclusions

In summary, a Cys-rich peptide, PKCδ C1b domain, was successfully
synthesized by NCL methodology. In the synthesis of C1b domains
by a stepwise condensation method, special reagents and resins
such as HATU and PEG-PS resin were utilized on account of difficulty
in coupling [11]. The fragment condensation by NCL would be

an advantageous alternative method since normal reagents can
be used for the synthesis of each fragment. Proper zinc-finger
structure folding was determined by CD spectra. The binding of
PDBu was assessed by polyethyleneglycol precipitation assays and
the result indicated that the synthetic δC1b domain is suitable for
use in ligand binding analyses. This methodology makes feasible
the efficient preparation of modified C1b domains, which might be
useful for the establishment of new binding assay methods or for
the characterization of newly synthetic isozyme-specific ligands.
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